The martensitic transformation sequence in two single crystalline Ni-Mn-Ga alloys with a martensite start temperature (M s ) of about 400 K has been investigated using dynamic mechanical analysis, calorimetry, dilatometry, three-point bending tests, and transmission electron microscopy. A two-step thermally induced martensitic transformation during cooling and one-step reverse transformation during heating have been found in both alloys, although involving different modulated martensitic phases in each of the alloys. In one of them, the first martensitic transformation leads to a martensitic phase having a commensurate modulated lattice characterized by a periodic stacking sequence of ten ͕110͖ P planes along the ͗110͘ P direction. On further cooling, a second transformation to a modulated martensite with a periodicity of seven planes has been observed. In the other alloy, the transformation sequence observed on cooling is from the parent phase to an eight-layered modulated martensite followed by a second transformation to a martensite having a tetragonal lattice (c/aϾ1) without modulation. ͓S0163-1829͑98͒02105-5͔
A substantial amount of work has been devoted to the transformation behavior of Ni-Mn-Ga shape memory alloys during the recent years.
1-5 Different long-period crystal structures of the martensitic phase have been shown to be formed either by applying external mechanical stresses 1,2 or by varying the alloy composition. [3] [4] [5] Particularly, the overall set of Ni-Mn-Ga alloys investigated has been conventionally divided into three groups according to their transformation characteristics. 3 For the first group, which includes NiMn-Ga alloys with the lowest transformation temperatures (M s ϳ200 K), a double peak in internal friction and elastic modulus evolutions appeared on cooling. 5, 6 An analysis of the elastic, thermal, and structural properties of these alloys revealed a premartensitic transformation ͑precursor phenomenon͒ preceding the martensitic one. 6 The origin of the intermediate phase was discussed in terms of a soft mode condensation in the parent phase, which manifests itself as a phase transformation of very weak first order. [5] [6] [7] From the available data, only the alloys with M s ϳ200 K have been found to exhibit such a behavior; in Ni-Mn-Ga alloys with higher M s , the softening process on cooling might be inhibited by the martensitic transformation taking place before. As for the group of Ni-Mn-Ga alloys with M s near room temperature, they exhibit during compression along ͗110͘ P ͑Refs. 1 and 8͒ or tension along ͗100͘ P axes 2 a sequence of three stress-induced transformations involving different martensitic structures which, after unloading, exist metastably in their own temperature intervals. The reverse intermartensitic transformations during heating give rise to steplike strain recovery, 1 discontinuous changes of magnetic and elastic properties, and transformation heat, 8, 9 indicating the first order character of such transformations. Concerning the third group, composed of Ni-Mn-Ga alloys having M s well above room temperature (M s ϳ400 K), few experimental data are available about their transformation behavior. For this group of alloys M s is usually above the Curie temperature, which is about 360 K. 3, 4 Previous work has shown that in a single crystalline Ni-Mn-Ga alloy with M s ϭ446 K, the martensite observed at room temperature has a seven-layered modulated structure. 4 In the present work more results about the transformation behavior for Ni-Mn-Ga alloys with high M s temperatures, which are promising for future shape memory applications, will be shown.
Two single crystalline Ni-Mn-Ga alloys belonging to the third group in the above classification 3, 4 were mainly used. The compositions ͑at %͒ were Ni, Mn-31.1, Ga-17.7 ͑alloy 1͒ and Ni, Mn-26.6, Ga-20.3 ͑alloy 2͒. A third alloy with composition Ni, Mn-22.5, Ga-20.0 ͑alloy 3͒ was also studied and showed the same characteristics as alloy 2. The single crystals were grown by the Bridgman method. Specimens of appropriate sizes were spark cut from the initial rods and polished to obtain flat surfaces. Differential scanning calorimetry ͑DSC͒ ͑Perkin-Elmer DSC7, cooling/heating rate Ṫ ϭ10 K/min͒ was used to monitor the martensitic transformation. Additionally, internal friction ͑denoted by IF or tan ␦͒ and elastic modulus (E) spectra were recorded in a threepoint bending configuration using a dynamic mechanical analyzer ͑DMA͒ Perkin-Elmer DMA-7. The measurements were performed at oscillating stress frequency f ϭ1 Hz, Ṫ ϭ5 K/min and stress amplitude 0 ϭ4 -10 MPa ͑corre-sponding strain amplitude ϳ10 Ϫ4 ͒. Static thermomechanical tests, involving two different methods were also performed; in the first, the strain response of platelike specimens stressed in three-point bending configuration was monitored during cooling and heating. The second method PHYSICAL REVIEW B 1 FEBRUARY 1998-I VOLUME 57, NUMBER 5 57 0163-1829/98/57͑5͒/2659͑4͒/$15.00 2659 © 1998 The American Physical Society consisted of compressing cylindrical specimens ͑axis along ͓110͔ P direction͒ and recording the strain recovery ͑elonga-tion͒ during subsequent heating after unloading at 77 K ͑Perkin-Elmer TMA-7 dilatometer͒. Finally, transmission electron microscopy ͑TEM͒ ͑Hitachi H600, 100 kV, with a single tilt heating/cooling stage͒ was used for structural characterization. The DSC curves recorded in a wide temperature range for alloys 1 and 2 are presented in Fig. 1 . For both alloys, the main peak on cooling is accompanied by a much smaller maximumlike anomaly appearing at lower temperatures; on heating, only one peak is observed, this behavior being reproducible during thermal cycling. The transformation heat Q corresponding to the two peaks obtained from the DSC cooling curves are 11.8Ϯ0.2 J/g and 1.3Ϯ0.4 J/g for alloy 1, and 9.0Ϯ0.6 J/g and 0.7Ϯ0.4 J/g for alloy 2; for the reverse transformations the values 13.0Ϯ0.2 J/g and 11.2Ϯ0.9 J/g for alloys 1 and 2, respectively, are obtained. The calorimetric data suggest that a sequence of martensitic and intermartensitic transformations take place, whereas the lowtemperature martensitic phase directly reverts to the parent phase upon heating.
The above transformation behavior is confirmed by DMA and static thermomechanical experiments. The typical internal friction and elastic modulus spectra of alloys 1 and 2 are shown in Fig. 2 . Upon cooling the alloy 2, the martensitic transformation of the initial parent phase gives rise to an internal friction peak and a wide smooth minimum of elastic modulus followed by a second IF peak and a corresponding deflection in the modulus curve, both related to the intermartensitic transformation. Upon heating, only one IF peak concurrently with one modulus minimum caused by the reverse transformation of the low-temperature martensite to parent phase was observed ͓Fig. 2͑b͔͒. Alloy 3 behaves identically to alloy 2, while alloy 1 shows similar behavior but, additionally, a relatively high IF level in the martensitic phase after the second IF peak, which progressively decreases to zero on further cooling ͓Fig. 2͑a͔͒; on heating, the IF level gradually increases until reaching a constant value before the IF peak at 420 K, which corresponds to the reverse martensitic transformation. In order to check whether this behavior of the IF in martensite is caused by an additional phase transformation or by another mechanism of energy dissipation, other DMA experiments were performed, in which the temperature rate (Ṫ ) and the stress amplitude dependence of IF at constant temperature were studied. It is assumed that a nonzero value of the Ṫ contribution is indicative of a first order phase transformation. 5 In this sense it was found that while in the temperature ranges corresponding to the identified peaks the IF has a dominant Ṫ contribution, at lower temperatures the IF is practically Ṫ independent and increases with increasing stress amplitude, pointing out to an intrinsic origin. It can be therefore concluded that no other phase transition takes place after the low-temperature martensite is formed, this conclusion being supported by TEM observations.
It is worth to notice that a single step transformation and retransformation can be easily obtained by incomplete cooling. The intermediate martensitic phase just formed undergoes during subsequent heating reverse transformation to parent phase in the same temperature interval as the lowtemperature martensitic phase ͓see, for instance, the hysteretic curves marked by double arrows in Fig. 2͑b͔͒ . In other words, the two martensites in each alloy turned out to possess practically the same upper temperature limit for their stability.
The behavior of strain measurements both during static compression and bending tests serves as further evidence for the above-mentioned sequence of martensitic transformations. Namely, the strain stored by martensite after releasing the compression at 77 K, is entirely recovered during subsequent heating through the reverse martensitic transformation in the one-step path, displaying the conventional shape memory effect. Moreover, upon subsequent cooling of the unloaded specimen, a well pronounced two-step strain accumulation is observed, exhibiting the two-way shape memory effect due to the influence of the first transformation under compression on the nucleation and growth of the two martensites formed separately during cooling.
To examine the origin of the different transformations shown above, TEM observations were performed, using cooling and heating sample holders. Figure 3 shows the selected area electron diffraction patterns ͑SAEDP͒ of alloys 1 and 2 taken at different temperatures in the following sequence: room temperature ͓Figs. 3͑a͒ and 3͑d͒, lowtemperature martensite͔, heating up through the reverse transformation to parent phase ͓Figs. 3͑b͒ and 3͑e͔͒, and cooling back ͓Figs. 3͑c͒ and 3͑f͒ intermediate martensite͔. At room temperature, alloy 1 shows a modulated commensurate lattice with periodic stacking sequences of seven ͕110͖ P planes along ͗110͘ P ͓the unit reciprocal lattice distance along the ͗110͘ P direction is divided into seven equal parts by six extra spots marked by arrows in Fig. 3͑a͔͒ , denoted as martensite 7M, while alloy 2 shows a tetragonal structure without modulation ͓T martensite, Fig. 3͑d͔͒ . The structure of the high-temperature parent phase ( P) is the same for both alloys: cubic L2 1 ordered lattice modulated by transverse waves of atomic displacements propagating along the ͗110͘ P direction, which produce a characteristic ''tweed'' contrast in the TEM images and diffuse streakings of the fundamental reflections ͓Figs. 3͑b͒ and 3͑e͔͒. In alloys with M s below room temperature ͑i.e., with different composition͒, a predominance of ͗ 1 3 1 3 0͘ modulation ͑wavelength of 6 times the distance between ͕220͖ P planes͒ has been observed by means of x-ray, neutron, and electron diffraction. 7, 10 Moreover, a soft mode condensation towards the ͗ 1 3 1 3 0͘ mode takes place in those alloys upon cooling, giving rise to a weakly first order phase transition to an intermediate phase at ϳ40 K above the martensitic transformation temperature. 5, 7 This behavior was not observed for the FIG. 3 . Selected area electron diffraction patterns obtained during in situ heating and subsequent cooling. ͑a͒ alloy 1 at room temperature; ͑b͒ alloy 1 at 470 K; ͑c͒ alloy 1 at 370 K; ͑d͒ alloy 2 at room temperature; ͑e͒ alloy 2 at 470 K; ͑f͒ alloy 2 at 350 K.
compositions studied in the present work, but the specimens transformed martensitically to structures similar to the martensite 7M, but with different periodicity of 10 ͓nine extra spots along the ͗110͘ direction, Fig. 3͑c͔͒ for alloy 1 and 8 ͓seven extra spots along the ͗110͘ direction, Fig. 3͑f͔͒ , for alloy 2, denoted as martensites 10M and 8M, respectively. To be precise, in some places of the thin foils of alloy 2 the presence of 10M martensite has also been observed, although to a much lesser extent than the 8M phase. During further cooling, the 7M or T martensites initially described were formed, thus confirming the two-step forward transformation P→10M→7M and P→8M͑10M͒→T for alloys 1 and 2, respectively. The in situ TEM observations also show that one-step reverse transformations 7M→ P ͑or 10M→ P in case of incomplete cooling͒ in alloy 1 and T→ P ͓or 8M͑10M͒→ P for incomplete cooling͔ in alloy 2 take place. Although the selected area electron diffraction has a reduced precision in determining lattice parameters, through a geometrical analysis of ͓100͔ ͓Fig. 3͑d͔͒ and ͓111͔ diffraction patterns, it can be established that the T martensite in alloy 2 has a tetragonality ratio c/aϭ1.18Ϯ0.02, in good agreement with the calculated c/a value for stress-induced martensite in case of alloys with M s near room temperature. 2, 3 As follows from the present results, a behavior characterized by the transformation from the parent phase to a final martensitic structure ͑which could be considered as the equilibrium martensitic phase͒ through a thermally induced intermartensitic transformation has been observed in these alloys. It is also interesting to note that despite the similar behavior of the studied physical properties of alloy 1, 2, and 3, the crystal structures involved in the observed transitions are different. Intermartensitic transformations involving similar martensitic structures have already been observed in singlecrystalline alloys with other compositions and M s near room temperature, but only in stress-induced transformations, 1, 2, 8 and not in temperature-induced transformations. In particular, it has been found in the present work that the tetragonal (c/aϾ1) martensitic structure without modulation, which was previously observed as a stress-induced metastable phase for alloys with M s ϳ300 K, is stable at room temperature. The values of accumulated strain and heat accompanying the intermartensitic transformation are in agreement with previous data of stress-induced martensites in lower M s alloys ͑in that case, the heat corresponds to the thermal reverse transformation after unloading at 77 K͒. The small value of the intermartensitic transformation heats gives an idea about the closeness of the free energies of the different martensites. The one-step character of the reverse martensitic transformation could indicate a comparatively larger temperature hysteresis for 7M→10M and T→8M͑10M͒ transformations in relation to 7M→ P and T→ P transformations, for alloys 1 and 2, respectively.
Two successive martensitic transformations during cooling and heating occur in Ni 50 Al x Mn 50Ϫx for 16ϽxϽ17. 11 Like in our case, these transformations are characterized by a change in stacking sequence in the same basal plane. The difference with the present results on Ni-Mn-Ga alloys arise from the modulation period and the one-step reverse transformation observed in our case.
Finally, it is worth to remark the major Ṫ contribution to the internal friction for the transformation peaks observed in the present study, in contrast to the low Ṫ contribution, evaluated to be only about 20%, for low M s ͑near 200 K͒ alloys of the same system. 5 This is probably related to a different elastic behavior of the high-temperature phase caused by the premartensitic transition ͑precursor phenomenon͒ which occurs in the low M s alloys. 5 Authors are thankful to I.K. Zasimchuk for his help in crystal growth. V.A.C. is grateful to the Universitat de les Illes Balears for financing his stay at the Departament de Fisica. Partial finantial support from DGES, Spain ͑Project No. PB95-0340͒ is acknowledged.
